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ABSTRACT

Nature exhibits numerous creature surfaces with interesting functionalities, such as
tunable colors, improved wettability, and adhesivity. These functions are induced by multiscale surface structures. To mimic these surface functionalities for engineering
applications, it is important to create multi-scale surface structures on engineering
materials. Ultrafast lasers have been proven to be capable to create micro- and nano-scale
structures, such as nano-ripples, microholes, conical structures, and nanoparticles, on a
variety of materials including metals, polymers, dielectrics, etc. These structures are
responsible for enabling different surface functionalities like superhydrophobicity,
superhydrophlicity, optical property modification, improved tribological properties, and
enhanced heat transfer.
Laser-induced surface structures can modify surface optical property due to the
surface diffraction, which can be used for color display applications, generating anticounterfeiting marks, and decorative purposes. Among these surface structures, submicron ripple-like structures responsible for the structural color effect known as Laserinduced periodic surface structure (LIPSS) are of interest to the research community. In
particular, the structural color effect and LIPSS morphology on stainless steel have been
widely studied. However, the unidirectionality of color effect displayed by LIPSS limits
its potential application. A new two-dimensional (2D) LIPSS has been discovered to
overcome this limitation, and a double-pulse method has been proposed to fabricate 2D
LIPSS on stainless steel. Preliminary studies have shown that 2D LIPSS demonstrate the
structural color effect without the unidirectionality as seen in regular LIPSS. However, the
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manufacturing method requires complex setup and alignment, which is not suitable for
industrial applications. The first topic of this thesis is to develop a novel double-scanning
method to fabricate 2D LIPSS on stainless steel. The mechanism of 2D LIPSS formation
has been explored. A hypothesis related to the dependence of LIPSS direction on laser
polarization direction has been made and validated. The developed new method does not
require complex setup and is easy to be conducted for industrial applications.
Unlike metals that are widely studied for functional property modification,
dielectrics remain largely unexplored when it comes to laser-induced sub-micron structures
and associated surface property modification. In this work, we explore different periodic
surface structures induced on fused silica by ultrafast laser irradiation and study the optical
property modifications associated with them. It is revealed that several types of surface
structures can be fabricated on fused silica by different processing conditions. A new type
of structure that was never reported before is obtained by laser scanning mode. Possible
formation mechanisms have been also been proposed for this new structure. The optical
effects associated with all of these laser-induced surface structures have been studied and
the relationship between the processing conditions, surface structures, and the optical
effects has been established.
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CHAPTER ONE
INTRODUCTION

Nature exhibits numerous functional surfaces with interesting tunable surface
properties like wettability, optical effects as well as tribological properties [1]. When these
structures are seen closely it is observed that these properties are a result of underlying
periodic micro and nanostructures [1,2]. In nature, the wings of the Blue Morpho butterfly
are covered with periodic micro and nanostructures which give the species notable bright
blue-colored appearance [2]. The wings of the Namib desert beetle which it uses to collect
water from foggy winds are covered with hydrophilic micron-sized bumps to collect water
and submicron-sized hydrophobic surface structures to transport the trapped water [3]. The
key to mimick these bio-inspired structures on engineering materials is the precise control
of surface chemistry and morphology at the micro and nanometer level. Ultrafast lasers
have been widely studied as a viable tool for creating sub-micron periodic structures, on a
variety of materials [4–11].
Laser-induced surface structure formation using ultrafast laser has been extensively
studied for its ability to modify surface properties like wettability [12–14], optical effects
[4,8,15,16], tribological enhancement [4], and cell growth [16] on a wide range of materials
like metals, dielectrics as well as semiconductors [6–8,17–20]. Submicron ripple-like
structures, commonly known as laser-induced periodic surface structures (LIPSS), have
been shown to modify wetting properties and create superhydrophobic and
superhydrophilic surfaces on metals [13,14]. The colorization of metals like copper,
titanium, gold, silver, and stainless steel as a result of diffraction of light from the LIPSS
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covered surface has also been demonstrated [4,8,16,19,20]. These surface property
modifications are highly dependent on the morphology of the LIPSS. Based on the spatial
periodicity, the LIPSS have been classified as low spatial frequency LIPSS (LSFL) and
high spatial frequency LIPSS (HSFL). For a given linearly polarized laser beam, the LSFL
have a period comparable to that of the irradiating laser wavelength λ. For HSFL, the period
is much smaller, typically less than half of the laser wavelength [21–23]. The LSFL are
proposed to be formed due to the interaction between the scattered surface wave and the
incident laser beam and can be obtained on most materials in both the static mode ( single
spot irradiation) and dynamic mode (laser scanning) [22]. They act as a diffraction grating
and diffract incident visible light leading to iridescent colorizing of the material surface
[4,8,20]. This type of angle-dependent colorization is referred to as the structural color
effect. So far, this effect has been demonstrated on a variety of metals like titanium, copper,
stainless steel, aluminum, etc... [4,8,10,16,22]. This effect has gathered interest in a variety
of applications like color display, anti-counterfeiting technology, decoration, and optical
data storage [24–26]. Significant work has been done to use the LSFL for color display
and decoration by printing colored letters and numbers on stainless steel using ultrafast
laser [15,16,19,27]. However, a major drawback in the commercialization of this
technology is that the color effect obtained from LIPSS is unidirectional meaning that it is
observed only in the direction perpendicular to the surface grating which largely limits
their application potential.
Two-dimensional (2D) LIPSS which are periodic 2D structures have been recently
discovered by researchers which have demonstrated a multidirectional structural color
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effect eliminating the drawbacks faced by regular LIPSS [28]. In contrast to the regular
LIPSS, very few studies have been conducted on the formation of 2D LIPSS. Some studies
altered the laser polarization from linear to circular and were able to obtain triangular
LIPSS for a very small window of laser parameters [9,28]. Another utilized a double pulse
methodology to obtain 2D LIPSS where the interpulse delay is required to be precisely
controlled within several picoseconds to nanoseconds [9,28,29]. It is observed that
triangular as well as square LIPSS can be obtained using this method. The structural color
effect has also been demonstrated by 2D LIPSS which expands their utility in color display
applications [28,29]. However, both of these techniques involve specialized optical setup
which requires complex optical alignment leading to high setup cost. In this work, we have
proposed an alternative method of obtaining 2D LIPSS which does not require any
additional equipment and can be implemented on any commercial femtosecond laser setup.
The process involves scanning the sample surface multiple times while changing sample
orientation The multiple scans should superimpose different sets of regular LIPSS
generated by each scan to give 2D LIPSS. The method is based on the hypothesis that
LIPSS direction is dependent on the direction of laser polarization and independent of the
sample surface morphology before treatment. This hypothesis has been validated by using
this novel process to conduct 2D LIPSS formation experiments on stainless steel. The
relationship between processing conditions, surface structure, and surface optical
properties have been established. The surface morphology is studied using a scanning
electron microscope (SEM). The structural color effect obtained by 2D LIPSS is studied
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and the multi-directionality of the structural color effect is demonstrated. The results of
this work will be discussed in Chapter 4.
Sub-micron surface structures have been widely studied for their functional
property modifications on metals [4,8,12–15,19,21,22,25,27–31]. However, surface
structuring of dielectrics has not been extensively studied. Refs. [11,32] showed the
appearance of LIPSS on fused silica by single spot irradiation. Work-related to surface
structure formation on fused silica using laser scanning remains largely absent. In addition,
the functionality of laser-induced surface structures on dielectric materials, such as surface
structural color effect, has been rarely reported. The second topic of this thesis focuses on
the formation of laser-induced surface structures on fused silica and resultant surface color
effect. Different laser-induced surface structures generated on fused silica using scanning
mode have been characterized and laser parameters associated with each surface structure
obtained are explored and optimized. In terms of functional property modifications, the
focus of this work will primarily be on the optical effects generated by the surface
structures and connecting each of the optical effects obtained to individual sub-micron
structures.
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CHAPTER TWO
LITERATURE REVIEW

Surface structure modification using irradiation by ultrafast lasers is a vast field of
study with numerous research papers ranging from understanding the formation
mechanism of these surface structures to the functional properties associated with them.
Hence a systematic study of the available literature is necessary before designing and
conducting experiments to study the laser-induced surface structure formation and
associated optical property modifications. In this work, we will mainly be focusing on
LIPSS formation and its effects on metals and fused silica. This chapter is further divided
into 4 sections. The first section will contain literature related to surface structure
modification on various metals with a focus on LIPSS. The second section will discuss the
literature associated with the structures formed on fused silica by laser irradiation. The
third section will discuss the possible mechanisms of LIPSS formation including surface
morphologies like LSFL and HSFL. The fourth section will discuss the functional property
modifications with a focus on the structural color effect,
2.1 Laser-induced surface structures on metals
Considerable work has been done investigating femtosecond laser ablation of a
variety of materials [4,8,10,12–16,21,22,25,27,28,30,33,34]. Several review papers have
been composed which provide a broad understanding of laser-induced surface structures
and their applications on several metals [4,16]. These papers explain the different types of
surface structures obtained on metals like LIPSS, micro ripples, conical structures, and
discuss possible formation mechanisms. In particular, the LIPSS have been observed on
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several metals including stainless steel, copper, gold, silver, and aluminum [5,25,35], and
are observed for a wide range of laser types from continuous-wave lasers to femtosecond
pulsed lasers. The quality of the LIPSS tends to improve with reducing pulse duration
which is desirable for several applications making femtosecond pulsed lasers a primary
tool while studying LIPSS [4,5]. The effect on LIPSS morphology due to various laser
parameters has also been extensively researched on stainless steel. Several researchers have
studied the effect of laser wavelength, laser fluence, polarization, and pulse duration on
LIPSS morphology [8,33]. According to these papers, the laser wavelength is
approximately directly proportional to LIPSS periodicity while the Laser fluence does not
have a significant impact on the laser periodicity. On the other hand, the LIPSS quality
changes drastically with a change in laser fluence but remains relatively unchanged with a
change in wavelength. Apart from LIPSS, other surface structures observed on metals
include microgrooves, microholes, and microstructures covered with LIPSS [30].
Depending on the period of the LIPSS they are classified into Low spatial frequency LIPSS
(LSFL) and high spatial frequency LIPSS (HSFL) [21–23]. LSFL have a spatial period
comparable to the incident laser wavelength and are oriented perpendicular to the laser
polarization direction for metals. LSFL can be formed on metals using lasers with long as
well as short pulse durations [36]. On the other hand, HSFL are periodic ripple structures
with a spatial period of less than half of the incident laser wavelength. These ripples are
oriented parallel to the laser polarization direction for metals and semiconductors. The
HSFL are generated only using ultrafast lasers with a pulse duration of less than a few
picoseconds [36]. The HSFL are observed at near-threshold laser fluence with a very
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narrow window of formation which makes them unlikely to contribute to any surface
property modifications. With an increase in laser energy, microgrooves and microspikes
start to appear on the surface [30]. Figure 2.1 demonstrates the evolution of surface
structure from HSFL to LSFL to microstructure on stainless-steel [39]. Surface structures
evolve with increasing pulses per spot (ppstot) from HSFL at ppstot = 10 to inhomogeneous
spikes at ppstot = 1000. HSFL oriented parallel to the laser polarization direction (red arrow
in Figure 2.1) with a spatial period less than half of the laser wavelength were observed.
For ppstot = 50 case, the sample surface was covered with LSFL perpendicular to the laser
polarization direction. When the pulses per spot are increased to ppstot = 100, The
morphology obtained predominantly is shallow structures with orientation parallel to laser
polarization direction and a spatial period 6 times that of HSFL. These structures are called
grooves which are a transition structure between the ripples and microspikes [39].

Figure 2.1 Surface structure evolution on stainless steel surface showing different
morphologies obtained by UV LIPSS. HFSL are formed for ppstot = 10, ripples (LFSL)
for 50 ppstot, grooves for ppstot = 100, pre-spikes for ppstot = 200, and inhomogeneous
spikes for 1000 ppstot. [39].
In addition to these unidirectional structures, some research has also been done
related to two-dimensional periodic structures also known as 2D LIPSS. 2D LIPSS are
repeating submicron structures with each repeating structure having a 2D morphology like
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squares, triangles, hexagons, etc. 2D LIPSS similar to regular LIPSS are capable of surface
property modifications. Structural color effects and superhydrophobicity demonstrated by
2D LIPSS have already been studied in the literature [28]. It was reported that 2D LIPSS
are capable of displaying color effect in multiple directions, unlike regular LIPSS which
exhibit the unidirectional color effect further improving their applicability for color display
and optical data storage.
The 2D LIPSS have been successfully generated by a group of researchers on
stainless steel to create triangular and square-shaped LIPSS [28,29]. The researchers have
employed the use of double pulses and changing the laser polarization direction as two
methods for obtaining the 2D LIPSS. Figure 2.2 shows a schematic of the laser setup used
in obtaining 2D LIPSS by the double-pulse method [29].

Figure 2.2. The optical setup used by researchers to obtain 2D LIPSS using double-pulse
setup [29]
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The technique involves shooting two laser pulses on the same area of the sample
with a delay between the first and second pulses in the picoseconds or nanoseconds range.
The polarization directions of the two pulses are mirrored. For linear polarization pulses,
the polarization directions of the two pulses are orthogonal. For circular polarization, if the
first pulse is clockwise then the second pulse is counterclockwise. As observed in Figure
2.2, arm A and arm B distance can be varied to adjust the delay between the two pulses.
This technique can be used to obtain triangular LIPSS for a broad range of pulse delays.
Figure 2.3 demonstrates the types of 2D LIPSS obtained from this setup [29].

Figure 2.3 2D LIPSS formed using the double-pulse setup on stainless steel [29]
Despite its ability to create uniform 2D LIPSS the double pulse method has several
drawbacks. Firstly, the formation window for some 2D LIPSS like square-shaped LIPSS
is narrow. Secondly, the method needs precise control over interpulse delay which requires
complex optical alignment and an expensive setup which hinders its commercial
application. Hence, a new method needs to be proposed which can utilize a standard laser
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setup and is capable of generating 2D LIPSS over a broad range of parameters. This type
of development will boost the applicability of 2D LIPSS in the industry.
2.2 Laser-induced surface structures on fused silica:
Unlike metals, the study of LIPSS formation on dielectric materials is very limited.
The majority of the literature available about LIPSS on fused silica is for single spot
irradiation. This entails studying the evolution of surface structure after irradiating the same
spot without using laser scanning methods [6,7,11,32,40]. It has been proven that both
LSFL and HSFL can be obtained on fused silica [11,32,41]. In the reported literature the
LIPSS start to form from the boundary of the laser-irradiated spot at threshold laser fluence
and grow to cover the entire area with LIPSS. Figure 2.4 demonstrates the evolution of
surface structure for single spot irradiation of the fused silica surface.

Figure 2.4 Evolution of LIPSS on fused silica using a femtosecond laser. (A)-(F): 2, 3, 5,
8, 10, and 15 pulse numbers. Laser fluence is 10 J/cm2.
Several findings report that LSFL can be seen on the outer boundary of the spot
while HSFL are observed on the inside at low laser energy. With increasing laser energy,
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the HSFL vanish which is consistent with the behavior of HSFL reported by several
researchers on different materials. This phenomenon has been proven to be true for several
types of dielectric materials like fused silica, borosilicate, and soda-lime silicate [41].
Figure 2.5 shows the surface structure evolution from HSFL to LSFL to the melted area
when different glasses are irradiated with femtosecond laser [41]. The sample surfaces are
irradiated with different peak fluences depending on the ablation threshold for each
material. The pulse number and repetition rate have been kept constant.

Figure 2.5 SEM micrographs of the surface of fused silica (a–c), borosilicate glass (d–f),
and soda-lime silicate glass (g–i) when irradiated with 5 pulses at 1kHz repetition rate
[41]
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From Figure 2.5 it can be observed that LSFL as well as HSFL can be observed on
fused silica, borosilicate, and soda-lime glass. HSFL can be observed on fused silica with
the lowest fluence which are perpendicular to the laser polarization direction. With an
increase in laser fluence, LSFL begin to form in the central part of the beam spot
surrounded by a ring of well-formed HSFL generated along the periphery of the beam spot.
With even higher laser fluence the surface structure evolves into homogeneous LSFL with
HSFL along their periphery. These LSFL are parallel to the laser polarization direction.
For the highest laser fluence, the center portion of the ablation spot consists of a melted
area. The size of this melted area depends on the ablation threshold of the individual
material. LIPSS structure evolution on borosilicate as well as soda-lime glass shows a
similar trend in terms of both alignments of the LIPSS and the types of LIPSS observed.
[41]. The LIPSS evolution observed for different materials is in different fluence ranges
since each material has a different ablation threshold. [40].
So far, LIPSS formation on dielectrics has been studied using only a single spot
irradiation technique, and only nano-ripple structures (HSFL and LSFL) have been
observed. However, there is no study on the LIPSS formation on dielectrics by laser
scanning mode, which could be quite different from the single spot irradiation method since
the laser spot overlap ratio will be different. In addition, there has been no study on
functional surface property modifications by LIPSS on dielectric materials. Dielectric
materials, such as fused silica, have been widely applied in optical applications, such as
windshields, solar panel coverings, data storage, decorations, etc.. due to their exceptional
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optical properties. Hence, It is very important to study the effect of LIPSS on optical
property modification of fused silica, which is not available yet.
2.3 Formation mechanisms for laser-induced surface structures:
LIPSS has been discovered since the 1980s. However, the formation mechanism is
still not fully understood despite the extensive study since then. In this section, some of the
possible formation mechanisms of LSFL and HSFL are discussed. The LSFL have been
studied extensively by researchers on a variety of materials. They are orientated
perpendicular to the laser polarization direction on materials like metals and
semiconductors which have a strong absorption capability. The spatial period of LSFL is
slightly less than the laser wavelength. The formation mechanism of LSFL is widely
accepted among researchers to be the interaction between the incident laser beam and the
scattered electromagnetic wave from the rough surface. The surface roughness causes
scattering of a light wave that interacts with the incident laser beam causing redistribution
of energy on the material surface [42–46]. For smaller laser pulse duration, the excitation
of surface plasmon polaritons (SPP) has been found to contribute to the formation of LSFL.
For dielectrics and semiconductors, the laser irradiation temporarily turns them into a
metallic state. Once the electron density in the conduction band of these materials is
increased past its limit, the SPP are excited which leads to LSFL formation [42,45,47].
On dielectrics, LSFL orientation is parallel to the laser polarization direction with
a spatial period comparable to λ/n, where n is the refractive index of the dielectric material
[46,48–50]. According to the sipes theory for LIPSS formation, these LSFL on transparent
materials are caused by radiation remnants (RR) [46]. The RR supply energy to the surface
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of the material at corresponding spatial frequencies which is extracted from the incident
laser radiation giving rise to LSFL on dielectrics. LSFL can also be formed by local melting
and rapid solidification in the non-ablative regime. Excitation of a scattered
electromagnetic wave from the rough surface of the material also plays a part in this type
of LSFL formation, but the energy supplied by this phenomenon is not enough to ablate
material surface. However, the surface structure can be altered due to the resolidifcation of
molten regions in a very short duration leading to the formation of a ripple like structure
consisting of alternate amorphous and crystalline zones [51,52].
HSFL have been observed at laser fluence near the ablation threshold and can only
be obtained using ultrafast lasers like picosecond and femtosecond lasers. HSFL can be
divided into two types. HSFL-I which are periodic narrow grooves with a width of only
tens of nanometers. These are mainly observed on dielectrics and semiconductors. It is
suspected that these types of HSFL start forming as nano cracks and evolve into periodic
structures with depths of hundreds of nanometers [4]. HSFL-II are also periodic grooves
but are very shallow with depths of tens of nanometers but have a spatial period in the sub100 nm range. However, many researchers do not show distinction among these two types
of HSFL, and the formation mechanisms of HSFL are still highly debatable. Some of the
suggested formation mechanisms include self-organization, oxidation, twinning, and
second harmonic generation [4,53,54]. Some theories suggest the influence of evanescent
fields at nano corrugated dielectric surfaces [4,51,52] and the involvement of different
plasmonic effects in HSFL formation. HSFL have a smaller spatial period range from 50
to 100 nanometers. The low period may be due to thermal diffusion which can erase smaller
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surface morphologies when energy is transferred from optically excited material surface to
the lattice.
2.4 Functional property modification due to LIPSS:
Several functional property modifications caused by LIPSS like structural color,
wetting property enhancement [18,55], biological cell growth [4], and tribological property
enhancement [16] have found interest among researchers due to their potential industrial
applications. The structural color effect finds its utility for decorative purposes, anticounterfeiting applications, color display, and optical data storage. Structural color is the
appearance of a colored surface on laser-irradiated samples due to the diffraction of visible
light from the LIPSS which act as surface grating. In this work, we will mainly be focusing
on this structural color effect and other optical property modifications that take place due
to LIPSS. The optical effects due to LIPSS can be divided into 2 parts: structural color
effect demonstrated on most materials and light transmissivity modification for transparent
materials like fused silica and quartz. Significant literature exists on the structural color
effect due to LIPSS [12,15,16,27,31,38,42,53,56–58]. It has been widely studied on metals
including copper and titanium, but the majority of the study is focused on stainless steel
and gold [25,34,36,44]. The structural color effect can be primarily divided into an angledependent color effect and angle independent color effect. Figure 2.6 and Figure 2.7
demonstrates the two types of color effect mentioned previously [15,58]. For the angledependent color effect, the angle of incidence of visible light, as well as viewing angle,
determines the color which can be obtained. In the case of angle independent color effect,
the color is obtained by selective absorption and scattering of incident visible light hence

15

this type of color effect can be viewed from all angles. However, a major drawback of
angle independent color effect is that it can be observed only on plasmonic materials and
colors with wavelengths between yellow and green cannot be obtained easily.

Figure 2.6. Angle dependent color effect and incident visible light [27]

Figure 2.7 Angle independent color due to nanostructured copper surfaces at different
viewing angles. The sample tilting angles in (1)– (4) were 0º, 30º, 45º, and 60º,
respectively. [58]
For angle-dependent color effects, the color obtained is dependent upon the angle
of incidence of visible light and the viewing angle of the observer. This is the most widely
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studied type of color effect which is caused by diffraction of light due to the presence of
LIPSS. The LIPSS act as a diffraction grating which causes selective absorption and
reflection of visible wavelengths with each wavelength projected at a different angle
determined by the diffraction equation [8]. Figure 2.8 illustrates how the angle-dependent
color effect is displayed due to LIPSS [8]. The obtained color wavelength is governed by
the diffraction equation given by :
𝑎[(sin 𝜃𝑚 + sin 𝜃𝑖 )] = 𝑚𝜆,

(1)

where, a is the spatial period of LIPSS, angle of diffracted beam denoted by θm, λ denotes
the wavelength of diffracted light, θi denotes the angle of incidence for the visible light
and

is the order of principal maxima. The diffracted angle θm is the output angle as

measured from the surface normal of the diffraction grating this can also be interpreted as
the viewing angle. In the case of LIPSS, the value of m is 1 since the laser wavelengths at
other principal maxima are not in the visible light range.

Figure 2.8. Schematic diagram of diffraction of light from diffraction grating which
shows the angle dependence of color [8]
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The angle independent color effect can only be observed on plasmonic materials
which are primarily copper, gold, silver, and aluminum. The reason for this type of color
effect is associated with the presence of sub 100 nm particles on the sample surface. The
incident light is selectively absorbed by the nanoparticles. The color on the sample surface
is dependent on the particle density and size. Despite the advantage of being angle
independent, the obtained color palette is limited and not consistent on every material
which limits the application of this effect. Preliminary demonstration of color effect due to
2D LIPSS has also been conducted by some researchers [28]. Triangular LIPSS exhibit an
angle-dependent color effect. The color can be observed from multiple directions due to
the 2D structure acting as diffraction grating from multiple viewing angles. Figure 2.9
demonstrates the color effect obtained from various 2D LIPSS[29].

Figure 2.9 Color effect for different types of 2D LIPSS demonstrating color effect from
multiple directions [29]
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Other surface property modifications by Laser-induced surface structures:
Apart from the color effect, many other surface property modifications due to
Laser-induced surface structures have been studied. Several surface structures like micro
ripples, microspikes, and microstructures covered with LIPSS have been demonstrated to
modify the wetting property of the material surface. Some researchers have demonstrated
superhydrophobic and superhydrophilic nature on stainless steel sample irradiated by
ultrafast laser [12,13]. Figure 2.10 shows the change in contact angle for water droplets
when placed on a surface covered with LIPSS [55]. This effect can be used in self-cleaning
windshields in automobiles and microfluidic applications.

Figure 2.10 Change in contact angle with an increase in laser fluence causing the
superhydrophobic effect on sample surface [55].
LIPSS can also be used to enhance or inhibit cell growth which can be used for
culture growth or to create anti-bacterial coatings. In the mechanical engineering field,
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LIPSS have demonstrated to reduce friction coefficient in titanium alloy and enhance fuel
atomization when created on fuel injection nozzle. Apart from LIPSS, applications of
microstructures formed due to laser irradiation of silicon have also gained attention [17].
Figure 2.11 shows the relation between silicon surface structure and the reflective property
[17].

Figure 2.11 Reflectance and surface structure relation for silicon surface irradiated by
pulsed laser [17]
The appearance of globular microstructures on silicon has been associated with
antireflective surfaces which can be used in solar panels to improve efficiency.
Hence, From this literature review, we have derived a good understanding of
different surface structures formed on metals and fused silica. We have also identified
various mechanisms form the formation of LIPSS as well as gained a good understanding
of various applications and functional property modifications of LIPSS in different areas
of engineering. We have also discovered areas in LIPSS formation where research has not
been conducted in both metals and fused silica. In the following chapters, we will be

20

studying 2D LIPSS formation in metals and performing surface structure characterization
for fused silica using a laser scanning method to fill in the gaps in scientific literature
identified in this chapter.
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CHAPTER THREE
EXPERIMENTAL SETUP

3.1 Sample preparation:
The materials used for laser irradiation were stainless steel AISI 304L and fused
silica glass slides. All samples were mirror polished and cleaned with an ethanol scrub
before experimentation. Samples were cleaned with an ultrasonic machine before and after
the laser processing of the surface.
3.2 Laser setup and sample characterization:

Y
X
Figure 3.1. Experimental setup
The laser system used in this study was a Yb: KGW femtosecond laser system
(PHAROS by Light Conversion). Figure 3.1 shows the setup for all experiments. Laser
pulse duration is 190 fs with linear polarization at a central wavelength of 1030 nm. A
Gaussian-shaped beam is used with a focal spot diameter (𝜔0, defined by diameter at 1/e2
of peak intensity) of 34 µm. The sample surface is scanned by the motion of rotating
mirrors inside the scan head which directs the laser beam in the required pattern. The scan
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head used was a two-axis IR scanner by SCANLAB with a maximum scan speed of 1m/s.
The laser power is controlled by the combination of a waveplate and a linear polarizer, as
shown in Figure 3.1, where X-Y plane the plane of polarization.
3.3 Laser scanning method:
As mentioned in the previous section all samples have been scanned by a laser scan
head which is controlled by proprietary software by SCANLAB called Laserdesk. Raster
scanning was adopted as shown in Figure 3.2. Laser pulses were delivered onto the sample
surface following the pattern shown by the arrows and eventually covered the whole
surface area. Multiple processing parameters can affect the surface morphology of the
scanned surface, which will be discussed in the following section.

Figure 3.2 Raster scanning strategy for laser scanning of stainless steel and fused silica
samples
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3.4 Processing parameters:
Change in several laser parameters and scanning parameters can affect the obtained
surface morphology which will eventually affect surface functions. The laser parameters
include laser wavelength, laser fluence, beam spot size, pulse duration, and repetition rate.
In this study, the laser wavelength, laser pulse duration, and beam spot size are constants
which leaves the variable laser parameters to laser fluence and repetition rate. The scanning
parameters include scan speed and the distance between two scanlines which can be
incorporated in line and pulse overlap ratios. The variable parameters have been explained
in detail below. The range of values for each of the parameters studied has been compiled
at the end of this chapter. Experiments have been designed such that the effect of each of
the control parameters on the surface morphology can be easily understood.
Laser Fluence:
Laser fluence (F) is the amount of energy supplied by the laser pulse per unit area,
𝑃

which is defined in Eqn. (2), where P is the laser power, f is the repetition rate, Epulse= 𝑓 is
the energy per laser pulse and 𝜔0 is the beam diameter [59]:
𝐹=

4𝐸𝑝𝑢𝑙𝑠𝑒
𝜋𝜔𝑜2

,

(2)

The ablation threshold is defined as the lowest laser fluence to trigger the ablation of a
certain material. Besides the material, the ablation threshold is mainly dependent on the
laser pulse duration and laser wavelength. From literature, the ablation threshold for
stainless steel is 0.2 J/cm2 while for fused silica the ablation threshold is around 1 J/cm2
for Infrared femtosecond laser irradiation depending on the medium through which the
laser beam must travel [60,61]. For the experiments performed in this work, both the laser
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pulse duration and wavelength are comparable to those used in the literature. Hence the
ablation threshold values can be considered as a lower limit for laser fluence selection
while designing experiments
Repetition rate:
The pulse repetition rate (f) of a regular train of pulses is defined as the number of
pulses emitted per second. For the setup used in this work, the repetition rate can be as high
as 200 kilohertz (kHz). For the experiments conducted in this work, the repetition rate has
been kept constant and not considered as one of the control parameters. 10 kHz and 100
kHz were the values selected for fused silica and stainless steel respectively considering
the ablation thresholds for each material and the laser system capabilities.
Overlap ratio:
The overlap ratio is defined as the ratio of the distance between the centers of two
consecutive pulses and the spot diameter. Figure 3.3 demonstrates the two types of overlap
observed in laser scanning: pulse overlap and line overlap[62]. The pulse overlap ratio is
the amount of overlap between two consecutive pulses when performing raster laser
scanning while the line overlap is the amount of overlap between two laser scan lines. Eqn
(3) and Eqn (4) are used to calculate the pulse and line overlap [59], respectively.
Φ𝑝𝑢𝑙𝑠𝑒 = (1 − 𝑓
φ𝑙𝑖𝑛𝑒 = (1 −

𝑣
ω0

∆𝑍
ω𝑒𝑓𝑓

) × 100,

) × 100,

(3)
(4)

Where v is the scan velocity and ΔZ is the distance between the centers of two overlapping
lines also called scan line distance. ω eff is the effective diameter which is the experimental
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diameter of the ablation crater. However, in this work, the value of effective diameter is
the same as theoretical diameter since the difference in the surface morphology obtained
for overlap ratio calculated using both diameters is not very significant in the case of
stainless steel. For the experiments conducted in this work, the pulse and line overlaps are
not varied individually and have the same value for uniform surface structuring and
simplicity while designing the experiments. The overlap ratio is dependent upon the scan
speed, scan line width, and the repetition rate of the laser. As illustrated in Figure 3.3 The
pulse overlap ratio denoted by φpulse is the percentage overlap of two consecutive pulses in
the scanning direction that is Y-axis direction and the line overlap ratio denoted by φline is
the percentage overlap between adjacent pulses in the X-axis direction

Figure 3.3 Illustration for overlap ratio where PO is the pulse overlap, LO is the line
overlap and the Δd is the scan line distance [62]
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After considering all the above parameters we can narrow down our process
parameters to laser fluence and overlap ratio since they are the most essential parameters
for surface structuring. Based on some previously reported results on LIPSS formation on
stainless steel[30,36,57] and laser melting of fused silica [17,32,56], the ranges of these
parameters are selected and listed in Table 1. Table 2 summarizes the important processing
parameters which were kept as constants through this study.
Table 1: Variable Parameters
Parameter

Value range

Fluence (stainless steel)

0.2 J/cm2 – 4 J/cm2

Fluence (fused silica)

3 J/cm2 – 12 J/cm2

Overlap ratio

30% - 95%

Table 2: Constant parameters
Parameter

Value

Pulse duration

190 fs

Laser wavelength

1030 nm

Beam spot diameter

34 µm

Repetition rate (Stainless steel) 100 kHz
Repetition rate (Fused silica)
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10 kHz

3.5 Surface characterization:
In the case of stainless steel, all the sample areas were studied using the scanning
electron microscope (SEM) (Hitachi S4800) to characterize the surface morphology and
capture surface structure evolution. The color effect demonstration has been captured using
a digital camera. For fused silica samples, the surfaces were characterized using the optical
microscope (Omax) with objective lenses having magnifications of 4x,10x, 50x, and 100x.
The eyepiece of the optical microscope is attached to a digital camera with a magnification
of 0.5x. The optical effects on fused silica are also captured using a digital camera.
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CHAPTER FOUR
2D LIPSS ON STAINLESS STEEL

As studied in chapter 2, sub-micron ripples like structures known as LIPSS on
stainless steel have been widely studied since they are responsible for the structural color
effect which can be used in color display, optical data storage, and decorative applications.
However, the structural color effect can only be observed when the visible light is
perpendicular to the ripple direction of LIPSS [8,15,19]. This unidirectionality of structural
color effect has been a huge drawback to utilizing this technology for commercial
applications. The recently discovered 2D LIPSS have been shown promising to overcome
this limitation due to their ability to demonstrate the structural color effect from multiple
directions.

Figure 4.1 2D color effect due to 2D LIPSS explanation
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From previous studies on structural color effect demonstrated by regular LIPSS, it
was found to be caused by the LIPSS acting as a diffraction grating. However, the LIPSS
need to be perpendicular to the incident visible light for this to occur as in Figure 4.1 (c).
On the other hand, when visible light is parallel to the LIPSS as in Figure 4.1 (d), they do
not act as a diffraction grating and do not demonstrate the color effect. But this drawback
is overcome by 2D LIPSS due to their morphology. As seen in Figure 4.1 (a) and (b) for
different directions of visible light, one of the sides of the 2D LIPSS will always be
perpendicular to the visible light and act as a diffraction grating. Hence, 2D LIPSS are
capable of displaying the structural color effect in multiple directions.
However, research on the formation of 2D LIPSS remains largely absent with only
a few researchers who have been able to demonstrate 2D LIPSS successfully on stainless
steel [9,28,29]. Currently, the only viable method of obtaining 2D LIPSS is the doublepulse method. In this method, the sample surface is irradiated by multiple pulses where the
time delay between two consecutive pulses can be freely controlled. To obtain 2D LIPSS,
the time delay, also known as interpulse delay, ranges from several nanoseconds to
picoseconds. The polarization directions of the pulses are usually required to be orthogonal
to each other. This process requires a complex setup and precise alignment. In addition,
the formation window of 2D LIPSS especially the square LIPSS formed using the doublepulse method have a very narrow window of formation. In this chapter, a novel doublescan method is proposed to fabricate 2D LIPSS on stainless steel.
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4.1 Double-scan method:
The proposed double-scan method for obtaining 2D LIPSS is illustrated in Figure
4.2. The stainless steel sample is first processed by raster laser scanning to obtain uniform
1D LIPSS. The direction of the LIPSS is independent of the scanning direction but
perpendicular to the laser polarization direction. The sample is then rotated by 90 degrees
making the 1D LIPSS formed by the first scan to be parallel to the laser polarization
direction. The same sample area is then scanned by a second time but with lower laser
fluence. The existing 1D LIPSS on the surface will be ablated by the second scan, which
will induce another set of 1D LIPSS perpendicular to the 1D LIPSS by the first scan. If the
laser fluence of the second scan is properly controlled, the second scan will only partially
ablate the 1D LIPSS by the first scan, and the 1D LIPSS by two scans will superimpose to
for 2D structures.

Figure 4.2 Proposed double scan method for 2D structure formation
4.2 Hypothesis and rationale of the method:
The proposed double-scan method to fabricate 2D LIPSS is based on two
hypotheses. First, it is expected that the LIPSS orientation is solely dependent on laser
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polarization, and not related to the scanning direction and existing surface structure before
treatment. Second, the LIPSS can superimpose with the pre-existing structures to form new
types of structures. There have been a few studies on the multi-scanning method
previously, however, no 2D LIPSS were successfully fabricated and contradictory results
were reported by different studies. In Ref. [54], it was reported that by the multi-scanning
method, only 1D LIPSS can be made on metal surfaces, and their orientation is decided
by the laser polarization direction of the second scan. Ref. [53] studied multi-scanning of
fused silica and semiconductors, and also found only 1D LIPSS can be made. However,
the orientation was found to be determined by the first scan polarization direction. It is
proposed by this study that the reason for contradictory results from different previous
studies is due to the selection of the laser fluences of consecutive laser scans. During the
second scan, the new laser scanning will ablate the 1D LIPSS by the previous scan and
starts to generate new 1D LIPSS. If the laser fluence of the second scan is too low, the 1D
LIPSS by the second scan is very weak, and the surface structures still look like the 1D
LIPSS by the first scan. Therefore, its orientation is found to be determined by the first
scan. When the second scan laser fluence is high, the second scan could completely erase
the 1D LIPSS by the first scan, and the remaining structures will be the 1D LIPSS by the
second scan. This is why some studies found that the LIPSS orientation is determined by
the second scan. If the second scan fluence is properly selected, the second scan will only
partially damaged the 1D LIPSS by the first scan, the 1D LIPSS formed by the second scan
will superimpose with the remaining 1D LIPSS by the first scan to form new 2D LIPSS.
This method does not require complex setup and super accurate control of the time delay
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between consecutive pulses. It is much faster, simple, and cost-effective compared with the
existing double-pulse method. In this work, we will test our hypotheses and demonstrate
the feasibility of the newly proposed method.
4.3 Results and discussions:
Creating 2D LIPSS involves superimposing one set of 1D LIPSS on another set. To
guarantee the quality of the 2D LIPSS, the 1D LIPSS by the first scan needs to be of good
quality and uniform. Through an experimental study, it was found that the LIPSS formed
on stainless steel are uniform and continuous at a 75% overlap ratio. The LIPSS formed
are confirmed to be perpendicular to the laser polarization direction. Further experiments
were conducted to test the effect of laser fluence, the results of which are summarized in
Table 3. Figures 4.3,4.4, and 4.5 show SEM images of some of the cases studied in Table
3. Figure 4.3 shows the scanning results by a low laser fluence (0.5 J/cm2) and no well
defined LIPSS cannot be obtained. This can be attributed to the fact that 0.5 J/cm 2 is very
close to the ablation threshold of stainless steel. This sample however did exhibit a faint
color effect. Figure 4.4 shows well-formed and uniform LIPSS by scanning at 2 J/cm2. This
sample shows an excellent structural color effect. The surface morphology obtained by 3.5
J/cm2 is observed in Figure 4.5. This sample also exhibits color effect but due to the nonuniformity of LIPSS, the quality is not as good as for Figure 4.4. The objective of this work
is to study the optical effects of LIPSS and demonstrate a 2D color effect for stainless steel
hence the selected range for the first scan fluence is 1.5 J/cm2 to 2.5 J/cm2. The overlap
ratio has been maintained at 75% for uniformity of the LIPSS and faster processing of the
sample.
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Table 3. Results for 1D LIPSS from the first scan
Sr.

Fluence Morphology

no.

(J/cm2)

1

0.5

Optical effect

Periodic structures but not well defined

Faint color effect
observed

2

1.0

LIPSS start to appear but are not well-defined

Color effect observed

3

1.5

Well-defined LIPSS

Good color effect
observed

4

2.0

Uniform and well-defined LIPSS

Good color effect
observed

5

2.5

Uniform and well-defined LIPSS

Good color effect
observed

6

3.0

Uniform LIPSS with defects

Color effect starts fading

7

3.5

Discontinuous LIPSS

Fading color effect

8

4.0

Discontinuous LIPSS with defects

Fading color effect
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0.5 J/cm2

Figure 4.3 SEM image for 1D LIPSS formed by 0.5 J/cm2. Red arrow indicates
polarization direction
2.0 J/cm2

Figure 4.4 SEM image for 1D LIPSS formed by 2 J/cm2. Red arrow indicates polarization
direction
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3.5 J/cm2

Figure 4.5 SEM image for 1D LIPSS formed by 3.5 J/cm2. Red arrow indicates
polarization direction
4.3.1 Effect of laser fluence:
In the previous section, we discussed the first scan parameters and identified a
window for the formation of uniform 1D LIPSS by the first scan. This section will discuss
the evolution of the 2D LIPSS and how second scan fluence affects the surface
morphology. For all cases, the first scan has been performed with 2 J/cm2 laser fluence and
a 75% overlap ratio. The overlap ratio for the second scan is also 75% to obtain uniformly
distributed LIPSS. It is expected that having the same overlapping ratio for the first and
second scans will result in uniform distribution of the 2D LIPSS which is necessary to
observe good structural color on the material surface.
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Table 4. Double scan method experiments to study the effect of fluence
Sr.

Second scan

no,

fluence (J/cm2)

1

0.1

Morphology

Optical effect

1D LIPSS from the first scan

Color effect due to
first scan LIPSS

2

0.13

1D LIPSS from the first scan with

Color effect due to

some instances of 2D structures

first scan LIPSS

3

0.15

2D LIPSS start to form

2D color effect

4

0.22

Well defined uniform 2D LIPSS

2D color effect

5

0.25

Well defined uniform 2D LIPSS

2D color effect

6

0.27

Well defined uniform 2D LIPSS

2D color effect

7

0.33

2D LIPSS but second scan fluence

2D color effect

causes the square shape to elongate
8

9

0.6

1.0

Second scan LIPSS overwrite first

1D color effect by

scan LIPSS

the second scan

LIPSS due to the second scan only

1D color effect by
the second scan

In the double scan method, the second scan is supposed to superimpose a set of 1D
LIPSS on the 1D LIPSS formed by the first scan. However, if the fluence of the second
scan is higher than the first scan then the second laser scan will overwrite the LIPSS made
by the first scan. Hence the second scan laser fluence for this work must be less than the
laser fluence used in the first scan. Hence, in this study, since the first scan laser fluence is
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2 J/cm2, the second scan laser fluence must be lower than 2 J/cm2. However, from
experimental study, it has been observed that even at 1 J/cm2 the LIPSS formed by the
second scan completely ablate the first set of LIPSS. Hence, 1 J/cm2 is selected as the
highest value for second scan laser fluence. Table 4 denotes the various cases studied for
the double scan method.
0.1 J/cm2

Figure 4.6. Surface morphology using 0.1 J/cm2 second scan laser fluence. Blue and red
arrows indicate the laser polarization direction of the first and second scans respectively.
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0.13 J/cm2

Figure 4.7. Surface morphology using 0.13 J/cm2 second scan laser fluence. Blue and red
arrows indicate laser polarization direction of the first and second scans respectively.
0.15 J/cm2

Figure 4.8. Surface morphology using 0.15 J/cm2 second scan laser fluence. Blue and red
arrows indicate the laser polarization direction of the first and second scans respectively.
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0.22 J/cm2

Figure 4.9. Surface morphology using 0.22 J/cm2 second scan laser fluence. Blue and red
arrows indicate the laser polarization direction of the first and second scans respectively.
0.25 J/cm2

Figure 4.10. Surface morphology using 0.25 J/cm2 second scan laser fluence. Blue and
red arrows indicate laser polarization direction of the first and second scans respectively.
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0.27 J/cm2

Figure 4.11. Surface morphology using 0.27 J/cm2 second scan laser fluence. Blue and
red arrows indicate laser polarization direction of the first and second scans respectively.
0.33 J/cm2

Figure 4.12. Surface morphology using 0.33 J/cm2 second scan laser fluence. Blue and
red arrows indicate laser polarization direction of the first and second scans respectively.
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0.6 J/cm2

Figure 4.13. Surface morphology using 0.6 J/cm2 second scan laser fluence. Blue and red
arrows indicate the laser polarization direction of the first and second scans respectively.
Figures 4.6 - 4.13 show the results by different second scan fluence, from 0.1 J/cm2
to 0.6 J/cm2. It can be observed that with a lower laser fluence of the second scan (0.1
J/cm2), the final surface structures are mostly 1D LIPSS generated by the first scan. With
the increase in laser fluence (to 0.15 J/cm2), we start observing the initial formation of a
2D structure with shallow depths. However, the structures are still mainly the 1D LIPSS
by the first scan. When the laser fluence further increases (0.2 to 0.3 J/cm 2), uniform and
well-defined 2D structures can be observed which resemble a square shape. These cases
are capable of a 2D color effect meaning they exhibit structural color effect in 2 directions,
which will be discussed in Chapter 4.3. The uniform arrangement of structures in rows and
columns is attributed to the constant line and pulse overlap of 75%. However, when the
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second scan fluence is too high (over 0.6 J/cm2), the LIPSS generated by the second scan
were starting to overwrite the first scan LIPSS giving rise to elongated 2D structures.
The above results validate our hypothesis that for multiple scans the surface
morphology is dependent on laser fluence and not on the direction of the initial surface
structure. We observe that the LIPSS direction is independent of whether the surface is
pristine or is covered with other surface structures. The LIPSS formation due to the second
scan is always perpendicular to the laser polarization which refutes previous reports
suggesting the role of surface morphology on LIPSS direction.
4.3.2 Effect of overlap ratio:
In this section, we will reveal the effect of the overlap ratio used for the second scan
on the surface morphology. The first scan will still be done with a 2 J/cm2 laser fluence
and a 75% overlap ratio. The second scan fluence is 0.6 J/cm2. The second scan fluence is
higher than the ideal fluence range of 0.2- 0.3 J/cm2 determined in the previous section.
This is because 0.2 J/cm2 is already close to the ablation threshold of stainless steel and
would hinder our ability to study surface morphology evolution at lower overlap ratios.
Also, The ability of this method to create 2D LIPSS even by using a higher second scan
fluence with a low overlap ratio can be tested which will increase its utility in systems with
limited control over laser fluence. Figures 4.14 – 4.17 show SEM images of the samples
scanned with an increasing overlap ratio. As mentioned in chapter 3, the line and pulse
overlap ratios will not be varied independently. This will improve the uniformity of the
obtained 2D structures and also simplify the design of experiments by reducing the number
of variable parameters.
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50%

Figure 4.14 Surface morphology at 50% overlap ratio. Blue and red arrows indicate the
laser polarization direction of the first and second scans respectively.
55%

Figure 4.15 Surface morphology at 55% overlap ratio. Blue and red arrows indicate the
laser polarization direction of the first and second scans respectively.
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60%

Figure 4.16 Surface morphology at 60% overlap ratio. Blue and red arrows indicate the
laser polarization direction of the first and second scans respectively.
70%

Figure 4.17 Surface morphology at 70% overlap ratio. Blue and red arrows indicate the
laser polarization direction of the first and second scans respectively.
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75%

Figure 4.18 Surface morphology at 75% overlap ratio. Blue and red arrows indicate the
laser polarization direction of the first and second scans respectively.
From the literature on 1D LIPSS for stainless steel, it was determined that the pulse
overlap ratio of at least 50% is necessary to obtain uniform LIPSS [44]. Hence all values
selected were above 50% for overlap ratio. It is observed that the trend for overlap ratio is
similar to that for changing laser fluence. At a low overlap ratio of 50%, the LIPSS
produced by the first scan are still strong and the first scan dominated LIPSS are observed.
At 55% and 60% overlap ratio, the surface structure resembles 2D LIPSS but their
morphology is influenced by the first scan. With increasing overlap ratio at 70% we can
still observe 2D LIPSS but this time the 2D structure is influenced greatly by the second
scan. At 75% overlap ratio the structure is 1D LIPSS created by the second scan, and LIPSS
by the first scan has been completely erased. It can also be observed that the 2D LIPSS
have not been arranged uniformly for Figures 4.14 -4.18. This is attributed to the fact that
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the overlap ratios of the first and second scans are different which may cause non-uniform
distribution of LIPSS. From these results, it appears that the appearance of 2D structures
and the direction of these LIPSS depends on the amount of laser energy applied on the
surface by the second scan. If the second scan laser energy is low, then the LIPSS formed
by this scan are not deep enough to superimpose on the original LIPSS. If the laser energy
applied by the second scan is very high then the LIPSS created by the second scan are too
deep and erase the original LIPSS. Multiple tests were conducted by varying the second
scan fluence and second scan overlap ratio to understand the limiting values for the double
scan method. Figure 4.19 tabulates the type of structure formed at various laser fluences
and overlap ratios. The first scan for all the cases uses 2 J/cm2 laser fluence and a 75%
overlap ratio.

Second scan fluence (J/cm2)

2D LIPSS evolution on stainless steel
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
40%

50%

60%

70%

80%

Second scan overlap ratio
first scan LIPSS

2D LIPSS

second scan LIPSS

Figure 4.19. Processing window to obtain 2D LIPSS
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90%

4.4 Surface color control by 2D LIPSS:
Many studies have been conducted to explain the effect of structural color
formation by regular LIPSS. Since the period of the LIPSS is comparable to the incident
visible light, the LIPSS act as a diffraction grating which causes the structural color effect.
Diffraction gratings separate different wavelengths of light using a repetitive structure
embedded within the grating. The structure affects the amplitude and/or phase of the
incident wave, causing interference in the output wave [63]. Using this phenomenon, the
incident visible light is split into its constituent visible light wavelengths which give the
surface an iridescent color called structural color. All uniform regular LIPSS exhibit
structural color effect. For stainless steel, the LIPSS act as a reflective diffraction grating.
Figure 4.20 illustrates diffraction grating effective for a reflective surface.

Figure 4.20 Reflective diffraction grating[63]
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Light is reflected off the surface at different angles corresponding to different orders
and wavelengths. Using a similar geometric setup as in Figure 4.20, the grating equation
for reflective gratings is denoted by Eqn. (5):
𝑎[(sin 𝜃𝑚 + sin 𝜃𝑖 )] = 𝑚𝜆,

(5)

where a is the spatial period of LIPSS, θm is the angle of the diffracted beam, λ denotes the
wavelength of diffracted light, θi represents the angle of incidence for the visible light
and

is the order of principal maxima. To observe the diffracted light of wavelength λ,

the observer must be at the diffracted angle θm measured from the surface normal of the
diffraction grating as seen in Figure 4.20. In the case of LIPSS, the value of m is 1 since
the laser wavelengths at other principal maxima are not in the visible light range. The value
of a is equal to the period of LSFL which for the current laser setup is between 900-980
nm. The color observed at a particular angle of incidence of visible light and viewing angle
can be predicted using this equation.
It has been demonstrated in the literature that LIPSS still exhibits color effect even
if they are discontinuous, provided the gap between two segments is sufficiently small[19].
The 2D color effect can be explained along similar lines in which 4 sides of the square like
2D structures act as discontinuous LIPSS. Figure 4.21 shows the color effect observed from
different directions for 2D LIPSS as compared to 1D LIPSS. The area highlighted by the
red square is covered by 2D LIPSS while the other two areas are covered by regular LIPSS.
The color effect is demonstrated by all 3 scanned areas as seen in Figure 4.21 (a). This is
because the LIPSS are oriented perpendicular to incident visible light in case of regular
LIPSS and one side of the 2D LIPSS is perpendicular to the visible light which acts as a
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diffraction grating. However, in Figure 4.21 (b) the sample is rotated by 90º while keeping
the light source and camera in the same position. The regular LIPSS, in this case, are now
parallel to the incident visible light and cannot act as diffraction grating however the other
side of the 2D LIPSS is now perpendicular to the visible light which acts as a diffraction
grating. Hence in Figure 4.21 (b), the color effect is displayed only by the 2D LIPSS.

Figure 4.21 Comparison of color effect displayed by 2D LIPSS and regular LIPSS. The
red square denotes 2D LIPSS covered surface while the remaining square areas are
covered with regular LIPSS. (a) The color effect is displayed by both regular LIPSS and
2D LIPSS (b) when the sample is rotated by 90º color effect is displayed only by 2D
LIPSS. The red arrow denotes the direction of the incident visible light while the blue
arrow indicates the direction of viewing.
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4.5 Conclusions:
A novel process for the generation of 2D LIPSS with a simple optical setup has
been proposed. The effectiveness of the process has been demonstrated and limitations
identified. It has been proven that the LIPSS are independent of initial surface structure
and the direction of LIPSS is dependent only on laser polarization direction. When the
sample surface is scanned with multiple scans the final morphology of the surface is
governed by the laser energy applied by each scan. The surface morphology is not affected
by the surface structures created by the previous scan. Even though the morphology of
formed 2D structures is not as well defined as with the double pulse method, the window
of formation of these 2D structures is a lot larger than that for the double pulse method. In
addition, the setup is much simpler with low maintenance demand. The structural color
effect in 2D has been demonstrated thus taking a step forward towards implementing this
technique in color display applications. It was determined that a uniform overlap ratio in
both first and second scans is necessary for properly aligned 2D LIPSS which are capable
of 2D color effect. A parameter window for obtaining uniform 2D LIPSS was demonstrated
with the first scan fluence ranging from 3.5 J/cm2 to 1.2 J/cm2 while the second scan fluence
range from 0.6 J/cm2 to 0.2 J/cm2. For higher first scan laser fluence the quality of color
effect deteriorates, and the surface morphology is covered with a high number of
nanoparticles. Finally, a relation between color effect and surface morphology was
established with the uniformity of the arrangement of individual 2D structures being of
higher importance than the shape of the 2D structure when determining the quality of the
color effect.
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CHAPTER FIVE
LASER-INDUCED SURFACE STRUCTURES ON FUSED SILICA

Compared with metals, laser-induced surface structures on dielectric materials have
not been extensively studied. There were a few studies on the surface structure formation
by single spot irradiation [6,40,48,55,61]. It was reported that both LSFL and HSFL can be
formed when irradiating fused silica surface with ultrafast laser pulses [11,41]. In this
work, we will be focusing on the surface structure formation on fused silica using a laser
scanning method. The objective is to reveal the types of structures, the formation
mechanisms, and the associated optical property modifications. The effect of laser fluence
and overlap ratio on structure formation will be studied.
In this chapter, we will first study the evolution of surface structure by changing
various control parameters, and their impact on optical properties. A change in
transmissivity of fused silica after surface structuring has been observed. We will also
investigate the relationship between processing parameters, surface structures, and optical
effects.
The ablation threshold of fused silica for a pristine surface is between 2-3 J/cm2
[60,61], and hence the laser fluences adopted in this study were all 3 J/cm2. According to
our experiments, even at high laser fluence, the fused silica surface remains unaffected
when treated with overlap ratios below 30%. Therefore, the overlap ratios in this study
were all above 30%.
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5.1 The surface structures on fused silica:
From the experimental study, 3 main surface structure types can be identified when
fused silica is irradiated with laser in scanning mode: spot arrays, LIPSS, and amorphous
structure. The LIPSS can be subdivided into uniform LIPSS and concentric ripples, but
both show the same optical effect. The following section will discuss each structure and
the window of their formation. The amorphous structure is a new type of structure that was
never reported in the literature before. The formation mechanism for this type of structure
is not known. Possible formation mechanisms for the amorphous structure have also been
discussed in this section
Spot arrays

Figure 5.1 Spot arrays obtained at 8 J/cm2 laser fluence and 25% overlap ratio
The spot arrays are individual laser ablation craters and do not have any submicron
structures within the ablation craters or between overlapped areas of laser pulses. They are
formed when the laser energy applied to the marking surface is significantly low. Hence
these arrays are obtained at low laser fluences as small as 4 J/cm2 which is slightly above
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the ablation threshold for fused silica. The spot arrays at low fluence can be observed even
at high overlap ratios, such as the 86% overlap ratio for 3 J/cm2 and the 75% overlap ratio
for 4 J/cm2. Spot arrays can also be observed for high laser fluence but at very low overlap
ratios. For a laser fluence of 12 J/cm2, the spot arrays are seen for overlap ratios up to 30%.
Since most of the surface does not have a lot of surface structure the samples with spot
arrays are almost completely transparent. The spots will diffract some light which might
give a slight iridescent effect to the sample surface.
LIPSS:

Figure 5.2 (Left) LIPSS dominated area with 3 J/cm2 and 90% overlap ratio (Right)
LIPSS dominated surface with 4.5 J/cm2 with a 75% overlap ratio
LIPSS are ripple-like periodic nanostructures that are also observed in metals. The
period of these LIPSS is comparable to the laser wavelength. LIPSS in fused silica are
parallel to the laser polarization direction which is in conjunction with the single spot
experiments in the literature. For fused silica, it is very difficult to obtain a surface purely
filled with uniform LIPSS. The reason is that uniform LIPSS formation in fused silica
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requires multiple laser pulse irradiation on the same location [41]. In scanning mode, the
LIPSS are observed primarily in the overlapped region of two pulses. However, the overlap
is not constant throughout the scanned area which gives rise to non-uniformity in LIPSS,
and we also get some microstructures as seen in Figure 5.2. LIPSS can be generated at
relatively low laser fluence at overlap ratios ranging from 70% to 90%. According to
experimental data, LIPSS can be successfully obtained at laser fluence as high as 6 J/cm2
following which concentric ripples start to form. Lower overlap ratios will give spot arrays
while exceeding the overlap ratio gives the amorphous structure. It is advised that to get
uniform LIPSS the ideal settings are laser fluence slightly higher than threshold fluence
and very high overlap ratios between 85% and 90%.
A subset of the LIPSS which occur at high laser fluence is called concentric ripples.
These occur on the periphery of the ablation crater and are not well organized like LIPSS.
The concentric ripples are obtained along the diameter of the laser ablation crater. These
ripples may be random or organized depending on laser fluence and overlap ratio.

Figure 5.3 Concentric ripples obtained with 8 J/cm2 laser fluence and 50% overlap ratio
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These structures differ from LIPSS because they are not parallel to the polarization
direction but are arranged randomly along the ablation crater edge. A possible explanation
for this structure is that the ripples from multiple laser spots superimpose upon each other
which causes this mixture of random ripples. Figure 5.3 gives an example of this type of
structure. These ripples are observed in overlap ratio brackets similar to LIPSS but the laser
fluence must be high. Successful concentric ripples were observed for laser fluence of 8
J/cm2 and above.
LIPSS and concentric ripples are responsible for the structural color effect in fused
silica. The color effect is observed both in transmittance as well as reflectance. The LIPSS
act as diffraction grating both reflective and transmissive to demonstrate the structural
color effect. The color is angle-dependent and unidirectional, which are similar to the
LIPSS found in stainless steel.
Amorphous Structure:

Figure 5.4 Amorphous structure for 3.5 J/cm2 laser fluence and 86% overlap ratio
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The amorphous structure is a new type of structure that resembles an amorphous
substance randomly distributed on the sample surface. This type of structure is observed
when the sample surface is exposed to high laser energy. This can be achieved by
increasing the laser fluence or overlap ratio. The amorphous structure is composed of a lot
of random submicron structures which have no uniformity to them. It is believed that the
concentric ripples evolve into the amorphous structure with an increase in the laser energy
applied to the surface. This type of morphology can be seen at all laser fluence values from
threshold laser fluence of 3 J/cm2 to a very high laser fluence of 12 J/cm2. For lower laser
fluence the overlap ratio needs to be very high with values ranging from 90% to 95% for
fluence values of 3 – 5 J/cm2. For higher fluence, the amorphous structure can be observed
for an overlap ratio as low as 60%. Since this morphology is composed of random submicron structures the visible light incident on the sample is scattered by them which causes
the glass to turn translucent. The amorphous structure has been closely studied using an
SEM to better understand surface morphology. Figure 5.5 provides a better understanding
of the amorphous structures and shows the transition stage between the LIPSS and
amorphous structures. LIPSS are observed for both cases a and b in Figure 5.5. Case b with
a 74% overlap ratio at 6 J/cm2 laser fluence shows a transition state with random
microstructure evolving in addition to the LIPSS. These random structures eventually
evolve into the amorphous structure as seen in case c which has an 80% overlap ratio at 6
J/cm2. The presence of this amorphous layer will scatter the light entering the glass making
the glass translucent. The LIPSS cause the grating effect which diffracts the light giving
rise to structural color effect. For case c the amorphous structure also contains some patches
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with LIPSS. These LIPSS will disappear with increasing overlap ratio giving rise to a
surface completely covered with amorphous structures.

Figure 5.5 SEM images for 6 J/cm2 fluence and (a) 72% overlap demonstrating LIPSS (b)
74% overlap demonstrating LIPSS and random nanostructure (c) 80% overlap
demonstrating amorphous structure
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Formation mechanisms:
Since the amorphous structure is a newly discovered type of surface morphology,
the mechanism associated with its formation is not known. A possible explanation for the
evolution of amorphous structure is the overlap of several concentric ripple structures. With
an increase in energy, the concentric ripple areas keep increasing, and overlap between
them will also increase causing the formation of amorphous structures. Since we are using
raster scanning, the first laser spot creates a set of concentric ripples which is followed by
the second spot which creates its own set of ripples. These ripples superimpose causing a
random collection of sub-micron structures. With an increase in laser energy supplied to
the surface which can be achieved by either increasing laser fluence or overlap ratio, this
area grows larger which causes the final structure evolution. Another possible explanation
for the amorphous structure is the formation and overlap of LIPSS in the melted area. As
observed in single spot irradiation, for high laser energy the central area of the spot consists
of the melted area while the periphery of the pulse is covered with LSFL. When the laser
is used in scanning mode the overlapped area of the second pulse may generate LSFL in
the melted area created by the first pulse. When this process repeats for line and pulse
overlaps, the result is a combination of the melted area along with superimposed LIPSS
which may collectively result in the amorphous structures.
Many experiments were performed by changing the control parameters and
processing windows for each of the surface structures were identified. Figure 5.6 illustrates
different structures observed at different laser fluence and overlap ratios for the selected
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range of parameters. This data can be used to select parameters to obtain a specific surface
structure which will in turn create a specific optical effect.

Laser Fluence ( J/cm2)

Surface Structures on fused silica
11
9
7
5
3
20

30

40

50

60

70

80

90

Overlap Ratio ( %)
No Ablation

Spot Arrays

Spot to LIPSS transition

LIPSS

Concentric ripples

Ripples to Amorphous transition

Amorphous strucutre

Not tested

Figure 5.6 Processing window for different laser-induced surface structures.
5.2 Effect of overlap ratio:
It has been found through systematic experiments that surface morphology of fused
silica is very sensitive to the change in overlap ratio. The surface structure evolution was
observed for sample surfaces scanned with overlap ratios from 70% to 80% to study the
effect of overlap ratio on fused silica. The line and pulse overlap ratios have the same value
to ensure uniform distribution of laser energy. The laser fluence is kept constant at 6 J/cm2
and the repetition rate used is 10 kHz as mentioned in Chapter 3. A relation between the
surface structure evolution and the optical effect has also been established. The optical
property modifications observed in these experiments have been explained below.
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Optical property modifications:
The optical property modifications can be divided into structural color effects and
transmissivity modification. In this section, we will discuss the different types of optical
effects observed for different overlap ratios. Since fused silica is a transparent material,
transmissive as well as the reflective structural color effect can be observed on fused silica.
The transmissive as well as reflective color effect for different overlap ratios has been
demonstrated in Figures 5.7 and 5.8 respectively. For overlap ratios from 70% to 76%, we
observe a good structural color effect as seen in Figure 5.7. At higher overlap ratios (78%
and 80%), the color effect cannot be observed. The color effect is angle-dependent as well
as unidirectional similar to the color effect observed in stainless steel.

Figure 5.7 Transmissive structural color effect demonstrated for different overlap ratios at
6 J/cm2 laser fluence
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Figure 5.8 Reflective structural color for the same sample used in Figure 5.20. Red arrow
indicates the direction of light; blue arrow indicates the direction of the viewer

Figure 5.9 Transmittivity modification on fused silica demonstrated for different overlap
ratios with a laser fluence of 6 J/cm2
The change in transmissivity of the sample surface is also observed with the change
in overlap ratio. The transmissivity decreases from a low overlap ratio of 70% to a high
overlap ratio of 80%. The variation in transmissivity has already been associated with an
amorphous structure. The incident visible light on the amorphous structure is scattered due
to the various random submicron morphologies which cause a change in transmissivity of
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the fused silica sample. The surface structure evolution has been studied using an optical
microscope to develop a relation between optical effects and surface structure.

Figure 5.10 Surface morphology at 70% overlap ratio and 6 J/cm2 laser fluence

Figure 5.11 Surface morphology at 72% overlap ratio and 6 J/cm2 laser fluence
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Figure 5.12 Surface morphology at 74% overlap ratio and 6 J/cm2 laser fluence

Figure 5.13 Surface morphology at 76% overlap ratio and 6 J/cm2 laser fluence
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Figure 5.14 Surface morphology at 78% overlap ratio and 6 J/cm2 laser fluence

Figure 5.15 Surface morphology at 80% overlap ratio and 6 J/cm2 laser fluence
Figures 5.10-5.15 demonstrate the evolution of surface structure from spot arrays
to amorphous structure with increasing overlap ratio from 70% to 80% with an increment
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of 2%. For the 70% overlap case, the overlap of the ablated area is minimal, and only spot
arrays are observed. Hence, these structures do not show color effect. For the 72% overlap
case, the formation of LIPSS has started to take place however there are no LIPSS within
the pulse spots. As a result, the color effect observed is relatively weak and the absence of
LIPSS inside pulse spots increases the transparency of the sample. For the 74% overlap
cases uniform LIPSS are observed with patches of amorphous structure in some areas. The
76% percent overlap cases also consist of LIPSS but the amount of amorphous structure is
higher. Subsequently, both cases exhibit good color, but the 76% overlap case is more
translucent than the 74% overlap case. Hence, it can be inferred that the amorphous
structure is responsible for the reduction of transmissivity while the uniform LIPSS are
responsible for the color effect. This is verified by the surface structures of the 78% and
80% overlap cases which are almost entirely translucent with no color effect and are
completely covered by amorphous structure. Hence, we can infer that the spot arrays as
seen when the overlap is low do not show any optical effects; LIPSS created in a narrow
overlap window between 74%-78% are responsible for the structural color effect and
amorphous structure obtained at high overlap ratio are responsible for transmissivity
modification.
5.3 Effect of fluence:
The effect of laser fluence on structure formation has been observed on fused silica.
The overlap ratio has been kept at 75% and the repetition rate has been maintained at 10
kHz. The line and pulse overlap have the same value to obtain uniform surface structures.
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Optical property modifications:
The effects of laser fluence on optical property modifications include only
transmissivity modification. The structural color effect is very minimal and only a slight
blue color can be observed at low laser fluence. As seen in Figure 5.16, the scanned area
for 4 J/cm2 is almost completely transparent. When the laser fluence increases further the
scanned area turns less transparent and eventually, a translucent material surface is
observed. The transition from transparent to translucent is exponential when the laser
fluence is increased which can be explained by an increase in the quantity of amorphous
structure. The surface morphology for the cases in Figure 5.16 are studied and an
explanation for these optical effects has been found.

Figure 5.16 Transmissivity modification for increasing laser fluence at 75%
overlap
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As seen in Figures 5.17- 5.22, The surface structure evolves from a spot array with
minimal LIPSS at the intersection of pulses at 4 J/cm2 fluence to complete amorphous
structure at 9 J/cm2. For 4 J/cm2 cases, the surface is covered with pulse arrays with
minimal nanoripples distributed over the surface. The absence of a significant
microstructure is responsible for the transparency of the sample area. For 5 J/cm 2, we
observe significant amorphous structures with nanoripples in some areas. Hence this
sample surface is translucent but exhibits a slight blue color due to the presence of nano
ripples. All cases after 5 J/cm2 are primarily covered with amorphous structure this causes
the translucent glass surface as seen in Figures 5.17-5.22. However, a slight blue tint can
be seen in these samples due to pockets of nanoripples on the scanned surface or ripples
created on the amorphous structure which causes diffraction of light to give the color effect.

Figure 5.17 Surface morphology at 4 J/cm2 fluence at a 75% overlap ratio
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Figure 5.18 Surface morphology at 5 J/cm2 fluence at a 75% overlap ratio

Figure 5.19 Surface morphology at 6 J/cm2 fluence at a 75% overlap ratio

69

Figure 5.20 Surface morphology at 7 J/cm2 fluence at a 75% overlap ratio

Figure 5.21 Surface morphology at 8 J/cm2 fluence at a 75% overlap ratio
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Figure 5.22 Surface morphology at 9 J/cm2 fluence at a 75% overlap ratio
The surface structure evolution due to change in laser fluence is not as uniform but
is a mixture of multiple types of surface structures. This can be attributed to the nonuniform distribution of laser energy deposited on the material surface. It was observed that
the ablation crater diameter varied with changing fluence and was significantly smaller
than the assumed beam diameter of 34 microns. This is due to the gaussian distribution of
laser energy. Hence the effective overlap ratio for all the cases in Figures 5.17-5.22 was
not the constant 75% but varied with a change in laser fluence. Figure 5.23 shows a change
in laser spot diameter with increasing laser fluence due to the Gaussian distribution of laser
energy.
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Figure 5.23 Increase in ablation diameter with increasing laser fluence from 4 J/cm2 to 9
J/cm2 (a-f)
Table 5 shows the actual ablation diameter for each laser fluence along with the
actual overlap ratio for each fluence. According to the table along with a change in laser
fluence the overlap ratio is also changing. Hence with an increase in laser fluence, the
overlap ratio is not uniform but is irregular along the entire scanned area. This leads to high
laser energy deposition in some areas which leads to amorphous structure formation while
some areas show no ablation due to low energy deposition.
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Table 5. Effective ablation spot diameter for different laser fluences
Fluence ( J/cm2)

Actual crater diameter (µm)

Actual overlap ratio for 75%
theoretical overlap ratio

4

10.203

16.691 %

5

13.985

39.220 %

6

16.645

48.933 %

7

18.657

54.440 %

8

20.74

59.016 %

9

22.207

61.723 %

5.4 Conclusion:
Surface structure evolution on fused silica was studied. It was determined that the
surface morphology of the fused silica sample changes with change in laser fluence as well
as overlap ratio. The surface structures formed from low to high overlap ratios are no
surface ablation, spot arrays, nanoripples, and finally amorphous structures. The evolution
of surface morphology for change in laser fluence is similar but is more drastic than for
overlap ratio. The reason for this drastic change is the apparent change in the laser overlap
ratio. With a change in laser fluence, the ablation crater diameter also changes. Hence the
calculated overlap ratio and actual overlap ratio are not the same. Effectively when laser
fluence is varied along with laser energy per unit area, the overlap ratio is also being varied.
This causes an exponential evolution in surface structure as well as non-uniformity of the
observed surface morphology. In the case of overlap ratio variation, the transition is
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uniform and each type of surface structure can be seen clearly. Three main types of surface
structures have been identified: spot arrays, LIPSS, and amorphous structures. The spot
arrays exhibit at low laser energy deposition per unit area i.e. either low fluence or low
overlap ratio. The spot arrays are individual ablation craters without any submicron
structure formation. These scanned areas are mostly transparent to light depending on the
density of the spots. These areas will also exhibit structural color effect due to transmissive
and reflective diffraction grating effect. LIPSS are submicron ripple-like structures with a
spatial period comparable to the laser wavelength. These ripples are parallel to the laser
polarization direction which is consistent with studies conducted on single spot irradiation.
However, unlike stainless steel, the nanoripples on fused silica are not formed as
continuous ripples but rather start forming in the overlapped region between two adjacent
pulses. For low laser fluence with sufficient overlap ratio, these ripples created in the
overlapped area evolve into continuous ripples that resemble LIPSS observed on stainless
steel. For higher fluence, the LIPSS start to lose their uniformity and become increasingly
disorganized. The window of formation for LIPSS is very small hence precise control of
laser fluence and laser overlap ratio is necessary to get desired results. The suggested range
of laser parameters for uniform LIPSS is the low laser fluence near 3J/cm2 with a high
overlap ratio between 85 – 90%. Uniform LIPSS have been shown to demonstrate color
effect due to both transmissive grating as well as reflective grating. Finally, amorphous
structures that were not previously observed on fused silica have been demonstrated and
process parameter range for their formation has been identified. Two possible explanations
for the formation of the amorphous structure have been proposed. These include the
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evolution of concentric ripples with an increase in laser energy to the amorphous structure
by superimposition with concentric ripples created by other laser spots. Another possible
explanation is the combined effect of melted area and superimposition of LSFL formed
when two pulses overlap. A detailed study of the physics of surface structure formation
needs to be conducted to validate these theories. However since this type of structure is
unique to the laser scanning method, the partial overlap of pulses and interaction between
surface structures formed by these pulses are important to the formation of the amorphous
structures.
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CHAPTER SIX
CONCLUSIONS

Laser-induced surface structures on stainless steel and fused silica have been
studied. The recently discovered 2D LIPSS with the potential to expand the utility of color
effects displayed by LIPSS have been studied and existing methods for obtaining them
have been investigated. It was found that these methods require precise control of
interpulse delays and the polarization direction of the laser beam. To achieve these
conditions a complex optical setup is necessary which is both difficult to set up and
expensive. A novel double scan method has been proposed and its effectiveness has been
demonstrated in this work. The LIPSS direction is solely dependent on the laser
polarization direction and multiple LIPSS can be superimposed upon each other were the
two hypotheses on which the method was designed. Through experimentation, these
hypotheses have been proven and good quality 2D LIPSS were obtained by precise control
of laser fluence and overlap ratio. The color effect displayed by 2D LIPSS was also
demonstrated. It was observed that unlike regular LIPSS, 2D LIPSS are capable of
displaying color effects in multiple directions. This is attributed to the morphology of the
LIPSS which can act as a diffraction grating in multiple directions.
Laser-induced surface structures on fused silica were also explored by using the
laser in scanning mode. Three types of surface structures were identified: spot arrays,
LIPSS, and amorphous structure. The amorphous structure has not been reported in the
literature before and can only be found in scanning mode at high laser energy. Possible
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formation mechanisms have been suggested. These include the evolution of concentric
ripples with an increase in laser energy to the amorphous structure by superimposition with
concentric ripples created by other laser spots. Another possible explanation is the
combined effect of melted area and superimposition of LSFL formed when two pulses
overlap. A detailed study of the physics of surface structure formation needs to be
conducted to validate these theories. The optical effects associated with each of the
structures were explored. It was determined that the LIPSS were responsible for structural
color both reflective and transmissive while the amorphous structure was responsible for
transmissivity modification. The mechanism for color generation is the same as that on
stainless steel. The scattering of light by random submicron structures present in the
amorphous structures are responsible for the transmissivity modification. Finally,
processing parameter windows have been generated for the identified structures through
multiple experimental studies.
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CHAPTER SEVEN
FUTURE WORK

2D LIPSS study :
In this work, we have proved our hypothesis that LIPSS direction is dependent
solely on laser polarization direction and not on the initial surface morphology. However
further work needs to be done to prove that this hypothesis stands true for fused silica. A
quantitative study of 2D color effect needs to be done and validated by the diffraction
equation. The double scan method has been successful in developing 2D LIPSS on stainless
steel. Further work can be conducted to obtain 2D LIPSS on fused silica to increase the
utility of 2D LIPSS for color display applications. Several models exist for the formation
of LIPSS on stainless steel and FDTD analysis has been conducted to replicate the LIPSS
in simulations. These methods could be expanded to include 2D LIPSS formation which
will shed more light on the formation mechanism of said structures.
Amorphous structure:
The amorphous structure found only on fused silica when the laser is used in
scanning mode has been studied experimentally. However, the formation mechanism of
these structures has not been identified. Further work into the composition of said
structures and hypotheses explaining the formation of amorphous structures need to be
proposed and studied using simulations and experimental methods. Finally, other
functional effects associated with amorphous structures other than optical property
modifications need to be explored.
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